Numerous olivine-rich dykes intruded the late Proterozoic Yanbian terrane, Sichuan, SW China. The dykes are less than 10 m thick and show thin aphanitic chilled margins (c. 10-20 cm wide), whereas most of the dyke volume comprises coarse porphyric rocks made up of olivine grains up to 2 cm in size set in a groundmass consisting of clinopyroxene, plagioclase, Fe-Ti oxides, a second generation of olivine, hornblende and biotite. Chrome-spinel occurs mostly as inclusions in the olivine phenocrysts, but also in the groundmass. The geochemical investigation of 25 dykes suggested a meimechite-type composition of the coarse-grained rocks and a basaltic composition of the chill margins. The sum of REE contents is 46-67 ppm in the coarse rock and 104-137 ppm in the chill margins. Chondrite-normalized REE and primitive mantle-normalized values show identical trends in all dykes, suggesting that they are comagmatic. The initial Ar investigations did not yield definitive results, the mineralogical and geochemical similarities between the studied dykes and the ultramafic lavas in the Emeishan large igneous province support their emplacement during Emeishan magmatism. Almost all elements unrelated to olivine (Ti, Al, Ca, P, Cu, Zr, Sr, Ba, Y, REE, U, Th, etc.) show strong positive inter-element correlation both in the chill margins and in the coarse-grained rocks, suggesting their concentration in the melt. The chilled margins (Mg# ¼ 55-63) would have been in equilibrium with moderately Mg-rich olivine (Mg# up to 84). Therefore, the Mg-rich olivine crystallized from a more primitive magma and was transported in the dykes by a more evolved melt with a composition similar to that of the chill margins. Flow differentiation could explain the concentration of the olivine phenocrysts in the inner parts of the dykes while some melt was expelled towards the dyke walls. Based on the composition of the most Mg-rich olivine, the Mg# of the primary magma V C The Author 2017. Published by Oxford University Press. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com
INTRODUCTION
Dykes, as magmatic bodies with elongated shape in cross-section, are considered as the main passageways or conduits for magmas from great depths to shallower levels in the crust (Costa et al., 2007; Cañ on-Tapia, 2008) . In some cases, dykes can also provide an environment for the selective collection of minerals and/or sulphide melts, which accumulate when the dyke section increases, resulting in slowing of magma flow (Evans-Lamswood et al., 2000; Li et al., 2001; Maier et al., 2001; Naldrett, 2004 , and references therein). As they are commonly of limited volume or space, dykes may be favourable to flow differentiation, which can separate the solid phases from the transporting melt (Bhattacharji & Smith, 1964; Barriè re, 1976) .
Frequently, the primary melts derived from mantle melting differentiate in staging chambers, mainly by fractional crystallization (which generates cumulate rocks) and may be subject to crustal assimilation, with only their evolved fractions reaching shallow levels in the crust or erupting on the surface. Most data on the rocks of the Emeishan large igneous province (ELIP) concern either the cumulate intrusions or the extrusive products. The dykes associated with the Emeishan magmatism have received less attention (e.g. Guo et al., 2004; Hou et al., 2013; Li et al., 2015) , except where they are enlarged and apparently favoured the accumulation of dense phases, particularly sulphide, and the formation of mineralized cumulates Tao et al., 2007) . Here we report bulk-rock and mineral chemistry data on several dykes of maficultramafic composition in the Yanbian terrane, which have not been reported in previous studies. These contain olivine and Cr-spinel crystals fractionated at depth from the primary magma, as well as the evolved melt resulting from fractional crystallization. In this study of dykes feeding the ELIP, we estimate the composition of the parental magma based on residues of pure melt to infer the line of olivine-Cr-spinel fractionation.
GEOLOGICAL SETTING
The western part of the Yangtze Craton, often referred to as the Panxi region (e.g. CGGJC, 1986 CGGJC, , 1988 Chen, 1987; Zhang et al., 1990; Munteanu et al., 2013 , and references therein), was tectonically active at least since the late Proterozoic, when widespread magmatism produced large intrusions and masses of effusive rocks, and the north-south-oriented Kangdian basin was formed. In the Permian, the Panxi region was subjected to crustal extension (CGGJC, 1986 (CGGJC, , 1988 Luo et al., 1990; Zhang et al., 1990; Dmitriev & Bogatikov, 1996; Jian et al., 2009) accompanied by intraplate magmatism that generated the ELIP (Chung & Jahn, 1995; Xu et al., 2001 Xu et al., , 2004 Zhou et al., 2002; Ali et al., 2005) . The ELIP comprises continental flood basalts, picrites, komatiites, tephrites, trachytes and rhyolites, as well as numerous intrusions of varied petrography, ranging from mafic-ultramafic to syenite and alkaline granite in composition. The involvement of a mantle plume in the generation of the ELIP has been proposed by many researchers (e.g. Chung & Jahn, 1995; Xu et al., 2001 Xu et al., , 2004 He et al., 2003; Xiao et al., 2004; Zhou et al., 2008; Kamenetsky et al., 2012; Li et al., 2012) . The Emeishan basalts, which make up most of the ELIP, are generally considered to have originated from picritic magmas (Chung & Jahn, 1995; Xu et al., 2001; Zhang et al., 2006a Zhang et al., , 2006b Hanski et al., 2010; Kamenetsky et al., 2012) and have been divided in two geochemical groups (Xu et al., 2001 Xiao et al., 2004; Zhou et al., 2008) : high-Ti (TiO 2 > 2Á5 wt %, Ti/Y > 500) and low-Ti (TiO 2 < 2Á5 wt %, Ti/Y < 500). However, the geochemical dichotomy of the Emeishan basalts has recently been questioned (Hou et al., 2011; Shellnutt & Jahn, 2011) especially with regard to their distinct mantle sources.
At the present day, the Panxi region is partially uplifted because of the Himalayan collision. Several faults, generated by crustal extension during the late Proterozoic and Permian, were reactivated in a compressional regime and are currently seismically active (Zheng et al., 1987; CGGCJ, 1988; He et al., 2009; Wang et al., 2010 Wang et al., , 2012 . Additionally, the southernmost part of the ELIP was displaced to the SE by the Red River fault system (Leloup et al., 1995; Xiao et al., 2003; Munteanu et al., 2013) .
LOCAL GEOLOGY
The study area is located in the western part of the Panxi region ( Fig. 1) , within the Yanbian terrane (Zhou et al., 2006a) , made up of the late Proterozoic Yanbian Group (weakly metamorphosed flysch-type successions and volcanic rocks) and several late Proterozoic intrusions, the largest being the Guandaoshan, Gaojiacun and Tongde magmatic complexes.
Numerous dykes occur in the southern part of the Yanbian terrane, some of them cutting the Gaojiacun and Tongde intrusive complexes. Most of these dykes are made up of hornblende dolerite (hornblende þ plagioclase þ Fe-Ti oxides), and are most probably associated with the late Proterozoic magmatism (our unpublished data). The mafic-ultramafic dykes studied here were emplaced in the Yanbian Group, within the Gaojiacun and Tongde intrusive complexes and in the small intrusions east of the Gaojiacun magmatic body. We sampled 25 dykes, whose locations are shown in Fig.  2 . Dykes with similar mineral assemblages and textures were identified in the southern part of the Tongde complex (Li et al., 2010b) , in the Panzhihua mine (Hou et al., 2013) and south of Panzhihua city, in the late Proterozoic Datian batholith (Munteanu et al., 2011) .
PETROGRAPHY
Commonly, the outcropping Yanbian mafic-ultramafic dykes (YMUD) in the study area are weathered to saprolite but preserve round blocks of fresh rock (Fig. 3 ) that vary in size from centimetres to metres; these blocks have a spotted appearance because of the surficial transformation of the olivine into white carbonate (Fig. 3a) . In most cases, only round blocks of fresh rock can be found in the field, distributed over the former outcrop area of the dykes. The dykes are a few metres thick (Fig. 3b) , as revealed by the few exposures in new road cuts (tar road from Panzhihua to Yumen and dirt roads around the mines at Lengshuiqing) and by intersections in drill holes. Despite their narrow widths, the dykes show no deformation and the minerals within the dykes do not show shearing or fragmentation. All YMUD have chill margins, up to 20 cm thick ( Fig. 4a and  b) , and an inner, coarse, porphyritic zone (Fig. 3a) . This is a feature that strongly distinguishes the YMUD from the hornblende dolerite dykes, as the latter do not exhibit chilled margins or any textural changes from centre to margins. Based on the lateral textural variations, the olivine-rich dykes can be divided in three zones.
1. The chilled margins. The outermost chill margins are made up of an aphanitic mass of clinopyroxene and plagioclase micro-crystals, subordinate brown glass and Fe-Ti oxides, but no recognizable olivine crystals. The olivine micro-phenocrysts commonly occur a few centimetres from the dyke margins, frequently as small ( 1 mm) euhedral crystals, which commonly are completely serpentinized or chloritized. The inner parts of the chill margins are characterized by a gradually coarsening matrix, by the presence of larger olivine crystals, often serpentinized (Fig. 4c) , and by the increased abundance of plagioclase laths in the matrix (Fig. 4d) Fig. 5a ) with transitions to sub-euhedral habit by the interaction with clinopyroxene, oxide and olivine grains (Fig. 5b) . Hornblende occurs as scarce but ubiquitous crystals in the matrix. 3. The inner zone. The typical inner-dyke textural form is coarse-grained (Figs 3a and 6a, b) and makes up most of the dyke volume, being characterized by the presence of large olivine grains (up to 2 cm in size) in a medium-grained groundmass of equant clinopyroxene, Fe-Ti oxides (Ti-magnetite and ilmenite), anhedral interstitial plagioclase (Fig. 6c) , and various amounts of brown hornblende (commonly less than 10% modal; Fig. 6d and e) 6 rare biotite (Fig. 6e) . Orthopyroxene occurs rarely, as thin, incomplete rims on some olivine phenocrysts. Besides forming large phenocrysts (Figs 3a and 6b), olivine can also occur as smaller crystals in the matrix (Fig. 6c) . Very rare phenocrystic clinopyroxene crystals occur in the coarse-grained zone ( Fig. 6a and b) , sometimes containing olivine inclusions (Fig. 6a) . In most cases the size of the olivine crystals generally increases from the margins towards the coarse-grained central zone, although the presence of isolated large olivine crystals close to the chill zones is not unusual. In the inner chill and intermediate zones, thin, highly elongated olivine crystals are present (Figs 4c and 5a) , showing random orientation. Some olivine crystals in the chill margins and intermediate zones exhibit resorption textures (Fig. 4c) . Cr-spinels are present mainly as inclusions in olivine, both in the coarsegrained varieties and in the marginal zones. In the chill zones Cr-spinels also occur as distinct microphenocrysts in the matrix (Fig. 4d) , some of them partially enclosed by the olivine. In the groundmass of the coarse-grained central zone Cr-spinels are rare and show partial replacement by magnetite (Fig. 6f) . Hornblende is commonly euhedral (more so than pyroxene) and occurs only as a matrix mineral. It commonly encloses matrix pyroxene 6 oxide ( Fig. 6d and e) but not plagioclase. Biotite (Fig. 6e ) is scarce. In some samples of the coarse-grained varieties, interstitial chlorite zones (Fig. 6b) show textural features suggesting the former presence of biotite and, occasionally, they contain biotite remnants with diffuse outlines. In some dykes Fe-Ti oxides show a skeletal habit. Sulphides occur as tiny anhedral to sub-euhedral grains of pyrrhotite, pentlandite and chalcopyrite. Electron microscopy revealed the presence of micron-sized inclusions of galena in magnetite and silicates, sphalerite in pyroxene, baddeleyite in pyrrhotite and monazite in hornblende.
SAMPLING AND ANALYTICAL METHODS
Forty-six samples were investigated for their bulk-rock composition. Some of these samples have also been investigated for their mineral chemistry. Most samples were collected from rounded blocks that had minimal weathering. These blocks were found mainly in the Yanbian Group east of the Gaojiacun intrusion ( Fig. 2 ) and in the northwestern part of the Tongde intrusion. 
Mineral chemistry
Mineral compositions were measured in three laboratories: (1) at the SPECTRAU facility of the University of Johannesburg, using a Cameca Camebax microprobe with an EXL2 energy dispersive system (15 kV acceleration potential and 10 nA beam current) and a Cameca SX100 electron microprobe operating at 20 kV and 20 nA; (2) at the University of Cape Town, using a JEOL JXA-8100 Superprobe instrument (15 kV acceleration potential and 10 nA beam current); (3) at Rhodes University, using a JEOL JXA-8230 Superprobe instrument (20 kV acceleration potential and 20 nA beam current).
Bulk-rock composition
Major elements and some trace elements (Rb, Ba, Sr, Zr and Y) were analysed by X-ray fluorescence (XRF) (using a rhodium X-ray tube with a Panalytical Axios instrument) at the School of Geosciences, University of the Witwatersrand, South Africa. Fused glass discs were used for major elements and pressed pellets for trace elements, following the method of Norrish & Hutton (1969) and matrix corrected using in-house software. The concentrations of other trace elements were measured at the School of Geosciences, University of the Witwatersrand, South Africa, by ICP-MS on separate whole-rock fractions derived from the samples investigated by XRF, using an Elan Sciex V R 6100 system. Hightemperature (260 C)-high-pressure (75 bar) dissolution in HF-HNO 3 was employed using a MARS microwave digester to dissolve the highly refractory mineral constituents using 50 mg of sample that largely controls the incompatible trace element budget. After drying down, the final dissolution was made up to 50 ml in 10% nitric acid that also contained the internal standards Rh, In, Re and Bi. Analysis was carried using calibrations of certified standard solutions from Specpure V R and Perkin Elmer V R . International certified reference materials (BHVO-1, BCR-1 and BR-1) were analysed with every run as controls. All samples were analysed in duplicate. The accuracy and precision of the trace element data were typically about 5%. Detection limits for incompatible elements were determined using high-purity olivine separates (Fo 94 ) from the Great Dyke, which for Nb and Ta were both < 1 ppb. The Pt, Pd, Rh, Ir, Os, Ru and Au contents of 13 bulk-rock samples were also measured by ICP-MS at the University of the Witwatersrand after a nickel sulphide fire assay pre-concentration.
Ten bulk-rock samples were investigated for their Pt, Pd, Au and Rh contents at the Chengdu Rock and Mineral Research Laboratory of the Sichuan Geological Bureau of Geology and Mineral Resources (SBGMR). The platinum group elements (PGE) and Au were preconcentrated by fire assay with lead oxide collection and analysed by emission spectroscopy. Detection limits were better than 0Á2 ppb. The standards GPt-2, GPt-3, and GPt-4 (Li & Tong, 1995) were used for the primary calibration. 
RESULTS

Sr and Nd isotopes
Mineral chemistry
The measured compositions of the main minerals in the investigated dykes are reported in Supplementary Data, Appendix A.
Olivine. Olivine has magnesium numbers [or Mg# ¼ 100Mg molar /(Mg molar þ Fe molar )] in the range 71-93Á9, similar to the olivine composition in the Emeishan ultramafic lavas (Hanski et al., 2004 (Hanski et al., , 2010 Kamenetsky et al., 2012; Li et al., 2012) . All olivine compositions with less than Mg# ¼ 83 and almost all compositions with Mg# < 86 are of small olivine crystals, elongate olivine and rims of the larger olivine crystals. Most compositions with Mg# > 89 are from the cores of the large olivine crystals. The rims of the large olivine crystals are usually less Mg-rich than their cores. The forsterite contents between rims and cores may vary by 1-14 Mg# (Fig. 9) .
Plagioclase. The composition of plagioclase ( Fig. 10 ) extends over the entire range of the labradorite field (An 50Á1-69Á5 ), with a few more sodic compositions (An 22-38Á4 ).
Amphibole. Amphibole is prevalently Ti-richmagnesio-hastingsite with the general formula (Na,K)(Ca,Fe,Na,Mn) 2 (Mg,Fe 2þ ,Ti,Fe 3þ ,Al) 5 (Si,Al) 8 O 22 (OH) 2 , showing compositional variations toward magnesio-hastingsite, magnesio-ferri-hornblende, Tirich ferri-tschermakite and pargasite. Some actinolite compositions were also measured.
Spinel. The Cr 2 O 3 contents in most spinel grains vary between 40 and 52Á7%. The Cr number, defined as Cr/ (Cr þ Al), varies from 0Á59 to 0Á76, with 90% of the measured values being higher than 0Á66. About 25% of the . Wo-En-Fs diagram for pyroxene classification (Morimoto, 1988) showing the highly calcic composition of the clinopyroxene in the investigated dykes. 
Based on atomic proportions, Mg is higher than Fe 2þ in most spinel grains; therefore, the spinel composition is closer to magnesiochromite than to chromite. The lowest MgO contents were measured in spinel crystals from the matrix of the chilled margins or included in clinopyroxene phenocrysts. TiO 2 contents vary within the range 1%-3 wt %, whereas Al 2 O 3 is in the range 9Á4-16Á5 wt %, with 75% of the measurements in the range 10Á4-13 wt %. In the diagram Cr-Fe 3þ -Al, the compositions of the Cr-spinels from the dykes plot in the area of greatest compositional overlap for Cr-spinels from different geotectonic settings (Fig. 11) .
Fe-Ti oxides. Most oxides in the three textural types of rocks are ilmenite and Ti-magnetite. Most ilmenite crystals have TiO 2 contents in the range 40-48 wt %. Timagnetite displays broad compositional variation, with TiO 2 contents varying from 5Á57 to 18Á75 wt %.
Bulk-rock chemistry
The compositions of bulk-rock samples are reported in Table 2 and Supplementary Data, Appendix A. The chilled margins have higher SiO 2 contents (46Á6-50Á5 wt %) than the coarse-grained rocks (42Á8-47Á4 wt %). MgO is 8Á46-11Á66 wt % in the chilled margins and 22Á5-30Á4 wt % (anhydrous) in the coarse-grained zone. Other major and minor components are higher in the chill zones (TiO 2 > 2%, Al 2 O 3 > 10%, CaO > 10%, P 2 O 5 ! 0Á2% and Na 2 O þ K 2 O > 2%) than in the coarse-grained zones (TiO 2 < 1Á8%, CaO 8%, Al 2 O 3 < 7Á5% and Na 2 O þ K 2 O < 1Á6%). The elements incompatible in olivine show strong negative correlation with MgO ( Fig. 12 ), but Cr, Co and Ni show positive correlation with MgO (Fig. 12) . The incompatible elements are strongly inversely correlated with MgO and therefore also with each other (Fig. 13) . Chondrite-normalized rare earth elements (REE) display uniform, almost linear patterns (Fig. 14a) , with strong light REE (LREE) enrichment (La N /Lu N ¼ 6-9). The chilled margins display higher values for all REE, relative to the coarse-grained rocks, whereas the rocks of the intermediate zones have transitional compositions. Mantle-normalized incompatible element patterns are similar in all samples, with general enrichment from the coarse-grained rocks to the chilled margins (Fig. 14b) . Relative depletion is exhibited by P, K, and heavy REE (HREE). Some chilled margins are enriched in Ba. For most samples, the sum of PGE contents is higher than 20 ppb (Table 3 ). The chilled margins are richer in PGE (23-46 ppb) compared with the rocks of the coarse zones (7-36 ppb).
DISCUSSION
The geological evolution of the Panxi region includes several magmatic events: late Proterozoic, PermianTriassic, Cretaceous and Cenozoic. The YMUD were emplaced into late Proterozoic rocks and therefore they could be of late Proterozoic age or younger. Geochronological investigations ( 40 Ar-39 Ar) on feldspar separates did not produce meaningful age data because of excess Ar, but point to a post-Carboniferous age of emplacement (<324 Ma) (see Supplementary Data, Appendix B). In the Panxi region, Cretaceous (Yanshanian) magmatism is characterized by the emplacement of granitoid intrusions (Zhang et al., 1990) . The Cenozoic magmatism produced ultramafic dykes but these are of potassic to ultrapotassic type (K 2 O > 2Á5 wt %) and show depletion in Nb, Ta and Ti Barnes & Roeder (2001) . Guo et al., 2005; Huang et al., 2010) , which makes them strikingly different from the YMUD. It is thus most likely that the YMUD are related to the Emeishan magmatism, which generated large amounts of low-potassium ultramafic rocks showing enrichment of Nb, Ta and Ti (Chung & Jahn, 1995; Hanski et al., 2004 Hanski et al., , 2010 Xu et al., 2001 Xu et al., , 2004 Wang et al., , 2014 Zhou et al., 2008; Kamenetsky et al., 2012; Li et al., 2012) . The features of the YMUD that are similar to the ultramafic rocks in the ELIP makes them different from the late Proterozoic ultramafic rocks intruded in the Yanbian Group. The latter are characterized by the enrichment of large ion lithophile elements (LILE) and relative depletion of high field strength elements (HFSE), typical of arc magmas (e.g. Shen et al., 1986 Shen et al., , 1989 Shen et al., , 2003 Munteanu et al., , 2010a Munteanu et al., , 2010b Munteanu et al., , 2010c Zhou et al., 2006a Zhou et al., , 2007 Munteanu & Yao, 2007; Munteanu & Wilson, 2009 ). The very good Zr-Nb correlation in the YMUD (r ¼ 0Á94) also points to an ocean island basalt (OIB)-type of magma (Kamber & Collerson, 2000) . The YMUD have Zr/Nb ratios in the range 6-12, with an average value of 8Á7, which is close to the average ratio for enriched mid-ocean ridge basalts (E-MORB) and OIB ($10; Wilson, 2007) , but clearly different from island arc basalts (>20; McCulloch & Gamble, 1991) and normal (N)-MORB (>30; Wilson, 2007) . The trends shown by the incompatible elements in the YMUD are within the range of high-Ti Emeishan Gj1213  Gj1939  Gj1945  Gj2148  Gj2151a  Gj2151B  Gj0460  Gj0532  Dyke no.:  14  9  2  2  2  2  2  5  Type:  chill  chill  chill  chill  chill  chill  coarse  coarse   %  SiO 2  46Á85  46Á92  45Á92  45Á92  45Á68  45Á80  41Á50  44Á27  TiO 2  2Á41  2Á15  2Á35  2Á57  2Á40  2Á58  1Á27  1Á39  Al 2 O 3  10Á29  10Á86  11Á36  11Á29  10Á57  11Á46  5Á56  6Á36  Fe 2 O 3  13Á76  13Á76  13Á42  13Á74  13Á77  13Á84  13Á90  12Á54  MnO  0Á23  0Á22  0Á20  0Á21  0Á20  0Á21  0Á00  0Á18  MgO  11Á03  11Á61  9Á75  9Á11  11Á29  8Á51  26Á12  22Á82  CaO  11Á36  11Á08  11Á67  11Á59  10Á82  12Á28 Eu  2Á08  1Á77  2Á05  2Á09  1Á85  1Á94  0Á91  1Á12  Gd  6Á40  5Á60  6Á49  6Á44  5Á97  6Á14  2Á91  3Á57  Tb  0Á92  0Á84  0Á94  0Á93  0Á86  0Á88  0Á44  0Á53  Dy  4Á97  4Á62  5Á05  4Á96  4Á65  4Á77  2Á40  2Á91  Ho  0Á90  0Á84  0Á91  0Á91  0Á85  0Á86  0Á44  0Á54  Er  2Á30  2Á15  2Á33  2Á31  2Á17  2Á22  1Á11  1Á38  Tm  0Á31  0Á29  0Á32  0Á31  0Á29  0Á30  0Á15  0Á19  Yb  1Á86  1Á72  1Á87  1Á88  1Á75  1Á80  0Á89  1Á12  Lu  0Á26  0Á25  0Á26  0Á26  0Á24  0Á25  0Á12  0Á16  Hf  4Á60  3Á89  4Á71  4Á90  4Á58  3Á79  2Á05  2Á54  Ta  1Á44  1Á03  1Á47  1Á54  1Á45  1Á17  0Á59  0Á67  Pb  6Á50  3Á08  5Á00  168Á59  3Á84  3Á78  1Á60  1Á76  Th  2Á22  1Á47  2Á19  2Á24  2Á14  2Á16  0Á88  0Á94  U  0 Á62  0Á46  0Á61  0Á68  0Á62  0Á49  0Á23  0Á29  Ti/Y  559  545  557  610  607  654  641  555  Mg#  61Á6  6 (continued) basalts and picrites ( Fig. 14a and b) . Compositions of definitive minerals in the ultramafic rocks of the late Proterozoic intrusions are also different from those in the YMUD. Composition of olivine in the YMUD (Mg# up to 93Á9) is similar to that in the Emeishan picrites and komatiites, whereas olivine in the late Proterozoic intrusions of the Yanbian terrane has Mg# 86 (Li et al., 2006; Zhu et al., 2007; Munteanu et al., 2010c) . The oxides in the late Proterozoic ultramafic rocks from the Yanbian terrane are almost exclusively Cr-rich spinels, whereas the YMUD contain abundant ilmenite and titano-magnetite, which are the dominant oxide minerals in the groundmass, similar to the ultramafic rocks in the ELIP. Based on these observations, we consider the petrogenetic association of the YMUD to be most closely allied to the Emeishan picrites and komatiites. Picrite dykes (1-5 m thick) have been reported by Hou et al. (2013) from the Panzhihua intrusion and, based on zircon dating, their age is $261 Ma. A picrite dyke intruded into the Tongde dioritic complex, south of our study area, contains zircon crystals with an age 796 6 5 Ma, close to the age of the country-rocks (Li et al., 2010b) . This dyke and another two dykes reported in the same paper are much thicker (30-100 m thick) than the dykes in our study area and may have been intruded during a magmatic event older than the ELIP. It is also possible that the late Proterozoic zircons were inherited from assimilated country-rocks. Inherited 42Á58  41Á24  41Á44  42Á34  42Á52  41Á27  40Á70  42Á43  TiO 2  1Á01  1Á22  1Á14  1Á73  1Á45  1Á26  1Á27  1Á28  Al 2 O 3  5Á60  5Á53  5Á15  6Á65  6Á39  5Á79  5Á73  6Á13  Fe 2 O 3  12Á32  12Á69  13Á07  13Á92  13Á49  13Á56  12Á98  12Á95  MnO  0Á20  0Á19  0Á17  0Á20  0Á19  0Á24  0Á20  0Á22  MgO  26Á94  26Á42  26Á96  22Á05  24Á93  25Á99  25Á63  24Á91  CaO  5Á37  6Á11  5Á23  8Á00  6Á58  5Á98  5Á85  6Á53  Na 2 Sm  2Á53  3Á12  2Á58  4Á01  3Á19  3Á19  3Á21  2Á96  Eu  0Á81  0Á98  0Á82  1Á25  1Á02  1Á01  1Á00  0Á95  Gd  2Á57  3Á15  2Á65  4Á05  3Á29  3Á22  3Á20  3Á01  Tb  0Á39  0Á46  0Á40  0Á60  0Á49  0Á47  0Á47  0Á46  Dy  2Á18  2Á51  2Á21  3Á24  2Á71  2Á62  2Á59  2Á54  Ho  0Á40  0Á46  0Á41  0Á59  0Á50  0Á47  0Á47  0Á47  Er  1Á02  1Á18  1Á04  1Á52  1Á27  1Á21  1Á21  1Á20  Tm  0Á15  0Á16  0Á14  0Á21  0Á18  0Á16  0Á17  0Á17  Yb  0Á83  0Á94  0Á83  1Á22  1Á06  0Á97  0Á97  0Á95  Lu  0Á12  0Á13  0Á12  0Á17  0Á15  0Á14  0Á14  0Á14  Hf  1Á97  2Á32  1Á97  3Á02  2Á57  2Á39  2Á37  2Á34  Ta  0Á49  0Á70  0Á49  0Á95  0Á66  0Á74  0Á73  0Á66  Pb  3Á20  2Á28  1Á10  2Á22  2Á13  2Á93  2Á99  1Á74  Th  0Á57  0Á90  0Á66  1Á15  0Á88  0Á94  1Á02  0Á65  U  0 Á22  0Á29  0Á21  0Á39  0Á29  0Á54  0Á34  0Á27  Ti/Y  531  574  596  622  613  571  578 (continued) late Proterozoic ($750-850 Ma) zircon crystals have been recently reported from some Emeishan magmatic rocks (Shellnutt & Wang, 2014; Shellnutt et al., 2015) .
Rock classification
According to the classification of high-Mg and picritic rocks, recommended by IUGS (Le Bas, 2000) , the rocks of the coarse-grained zones of the YMUD would correspond compositionally to meimechite (Na 2 O þ K 2 O < 2 wt %, SiO 2 < 45 wt %, MgO > 18 wt % and TiO 2 > 1 wt %). The REE and Zr contents in the coarse-grained rocks (Ce ¼ 17-31 ppm and Zr ¼ 48-120 ppm) are higher than expected for most komatiites (Ce < 10 ppm, Zr < 40 ppm; Arndt & Lesher, 2004) , which also argues for the classification of these rocks as meimechites rather than komatiites. The petrographic description of typical meimechites given by Arndt et al. (1995) includes many features in common with those of the YMUD, such as large olivine phenocrysts and a matrix made up of smaller olivine grains, clinopyroxene and Fe-Ti oxides. It is of note that the presence of plagioclase as the second most abundant phase in the matrix of the YMUD is not characteristic of meimechites. However, the coarse-grained parts of the dykes contain cumulus olivine and, therefore, strict classification criteria for volcanic rocks cannot be rigorously applied in this case. Based on compositions, the 39Á21  43Á98  48Á03  42Á26  40Á86  41Á94  42Á04  40Á21  44Á90  TiO 2  1Á06  2Á13  1Á50  1Á40  1Á21  1Á35  1Á50  1Á16  1Á95  Al 2 O 3  4Á54  8Á28  6Á18  5Á99  5Á27  5Á79  6Á34  5Á03  8Á07  Fe 2 O 3  12Á38  13Á94  12Á54  13Á49  11Á82  12Á93  13Á76  12Á33  13Á55  MnO  0Á17  0Á20  0Á20  0Á19  0Á17  0Á19  0Á20  0Á17  0Á21  MgO  27Á41  18Á00  19Á53  23Á60  26Á30  26Á05  23Á59  27Á05  18Á74  CaO  4Á98  9Á82  8Á13  7Á41  5Á44  6Á34  7Á18  5Á34 Sm  2Á38  5Á13  4Á39  3Á20  2Á90  2Á65  3Á20  2Á57  5Á15  Eu  0Á76  1Á61  1Á39  1Á01  0Á89  0Á84  1Á02  0Á83  1Á61  Gd  2Á45  5Á21  4Á40  3Á26  2Á96  2Á72  3Á25  2Á63  5Á25  Tb  0Á37  0Á76  0Á64  0Á48  0Á43  0Á40  0Á48  0Á39  0Á76  Dy  2Á03  4Á01  3Á51  2Á61  2Á34  2Á19  2Á63  2Á12  4Á07  Ho  0Á38  0Á72  0Á63  0Á48  0Á43  0Á41  0Á49  0Á39  0Á73  Er  0Á97  1Á85  1Á64  1Á22  1Á09  1Á03  1Á24  1Á01  1Á88  Tm  0Á13  0Á25  0Á22  0Á16  0Á15  0Á14  0Á17  0Á14  0Á26  Yb  0Á79  1Á50  1Á32  0Á99  0Á88  0Á84  1Á00  0Á83  1Á46  Lu  0Á11  0Á21  0Á18  0Á14  0Á13  0Á12  0Á15  0Á12  0Á20  Hf  1Á91  3Á69  3Á27  2Á54  2Á29  2Á21  2Á56  2Á03  3Á81  Ta  0Á52  1Á12  0Á98  0Á78  0Á71  0Á73  0Á80  0Á64  2Á79  Pb  1Á73  2Á05  2Á86  2Á33  1Á83  3Á70  2Á04  2Á37  2Á93  Th  0Á52  1Á70  1Á42  0Á94  0Á94  0Á73  0Á93  0Á89  1Á63  U  0 Á24  0Á51  0Á44  0Á31  0Á29  0Á31  0Á34  0Á27 chilled margins can be classified as basalt (Na 2 O þ K 2 O > 2 wt %, SiO 2 ¼ 47Á5-49Á2 wt %, MgO ¼ 8Á5-11Á8 wt %). Nevertheless, the primary magma (whose composition is discussed in more detail below), was clearly ultramafic, as indicated by the high forsterite content of the olivine. The Ti/Y ratio is >500 for 93% of the bulk-rock analyses and 64% of these have a Ti/Y ratio within the interval 500-600. These ratios are within the high-Ti basalt field (Xu et al., 2001; Xiao et al., 2004) or, according to the chemical types proposed by Kamenetsky et al. (2012) , on the high-Ti side of the intermediate picrites in the Emeishan large igneous province. The ubiquitous presence of Fe-Ti oxides both in the coarse-grained rocks and in the chill zones supports the high-Ti character of the picrites in the studied dykes. On the other hand, the TiO 2 contents in the chill zone consistently fall within the range 2-2Á6 wt %, which suggests a moderate titanium-rich character. Kamenetsky et al. (2012) remarked that the intermediate picrites contain olivine with the highest Mg# (82-93Á5) among the rocks in the Emeishan large igneous province. Similar Mg-rich olivine occurs in the YMUD. Moreover, Kamenetsky et al. (2012) showed that Cr-spinel included in the olivine crystals from the high-Ti Emeishan picrites has 2-6 wt % TiO 2 and 8-10 wt % Al 2 O 3 , whereas in the low-Ti picrites, Cr-spinel included in the olivine is characterized by 0Á5-0Á7 wt % TiO 2 and 12-18 wt % Al 2 O 3 . The composition of the Cr-spinel included in the olivine from the YMUD has 1-2Á75 wt % TiO 2 and 9Á4-14Á7 wt % Al 2 O 3 , thus showing a mild Ti enrichment and Al contents straddling the ranges covered by the high-Ti and low-Ti Emeishan picrites. It is of note that the intermediate Al contents of Crspinel from the YMUD are dissimilar to the Cr-spinel in the intermediate Emeishan picrites (15-28 wt % Al 2 O 3 ).
Petrogenetic deductions
The results of the geochemical investigations in conjunction with the observations of the textural features and mineral relations provide an indication of the processes that controlled the formation of the YMUD. The olivine crystals in the dykes have Ca contents of 0Á17-0Á32 wt %. From the study of Simkin & Smith (1970) , almost all olivine crystals in mantle xenoliths or those crystallized in deep-seated intrusions have Ca contents less than 0Á1%. Therefore, the high-Mg olivine grains in the YMUD are not mantle-derived xenocrysts but have crystallized from a melt at low pressure.
Olivine of Mg# 92Á0-93Á9 occurs in many samples of the coarse-grained zones of the dykes. Based on this, it can be assumed that the most Mg-rich olivine that crystallized from the primary magma had Mg# % 94. Using this value and an Fe/Mg partition coefficient between olivine and melt of 0Á3-0Á33 (Roeder & Emslie, 1970; Ulmer, 1989) , a magnesium number of 82-84 can be deduced for the primary magma, which is significantly higher than the Mg# of the chilled margins . Therefore, the large olivine phenocrysts did not crystallize from the melt that generated the chilled margins. This is in agreement with the deduction made by Kamenetsky et al. (2012) that the olivine phenocrysts in the Emeishan picrites and komatiites are the products of prolonged crystallization from primitive melts, which were subsequently transported by more evolved melts, with which they did not equilibrate. On the other hand, the compositions of most small (matrix) olivine crystals (Mg# 84) correspond to parental magmas with Mg/Fe ratios similar to those of the chilled margins.
Although the samples investigated in this study come from more than 20 separate dykes, their trace element patterns are very similar, suggesting that the YMUD are comagmatic. Considering their occurrence within a relatively small area, it can be assumed that all the investigated dykes were derived from the same magma chamber within the crust. This assumption finds support in the binary trace element diagrams in Fig. 13 , in which the element distributions are essentially linear (i.e. the incompatible elements have the same ratios), indicating that all analysed samples were probably derived from the same parent magma.
Based on the scarcity of clinopyroxene phenocrysts, the primary magma should have evolved initially largely by fractional crystallization of olivine and Cr-spinel. This is consistent with the differentiation trend inferred by other researchers in the formation of the flood basalts in the ELIP. Wang et al. (2014) envisaged olivine þ Cr-spinel fractionation at depths corresponding to pressures of 7-10 kbar, followed by the ascent of the resultant evolved melt to shallower depths, where clinopyroxene fractionation took place. Hanski et al. (2010) also suggested that olivine fractionation was the main process that led to the evolution from picritic magmas to basalt in the ELIP, accompanied, at a later stage, by clinopyroxene fractionation. Based on the variation of the CaO/ Al 2 O 3 ratios (1Á0-1Á2 in rocks with Mg# > 64, but 0Á5-0Á8 in rocks with Mg# < 62) in the picrites and basalts near Lijiang, Zhang et al. (2006a) suggested that clinopyroxene fractionation began when the Mg# of the melt decreased to 62-64 (%10 wt % MgO). In the samples studied here, with only one exception, the CaO/Al 2 O 3 ratios are in the range 0Á94-1Á34, even in the samples with Mg# as low as 55, confirming the lack of significant clinopyroxene fractionation, as indicated by the mineral assemblages. It is thus concluded that magma differentiation took place in a deep-seated chamber until the melt reached a composition close to that of the chilled margins (Mg# % 60), when the magma ascended together with a part of the load of cumulus olivine and spinel crystals that had settled in the lower part of the chamber. The melt that transported the high-Mg olivine phenocrysts should have resulted from the differentiation of the primary magma that generated those phenocrysts. This is consistent with olivine compositions, which show a continuous variation from the most Mg-rich crystals, generated from the primary magma, to the least Mg-rich ones, grown from the melt represented by the chilled margins, without any compositional gap. The generation and emplacement of an olivine-rich mush has been envisaged in other intrusions (e.g. Jinchuan, Jinbaoshan or Baimazhai), where the olivine is considered to have been emplaced together with sulphide melt Li et al., 2004; . The cause of the ascent of the crystal and melt assemblages might have been a compressive episode that affected the deep-seated magma chamber, as previously invoked for the formation of the Baimazhai deposit . A compressional episode within an area dominated by crustal extension is not unlikely in the Panxi region, an area characterized by the presence of several uplifted and downthrown zones Sun et al., 2010) , which suggests a complex distribution of the tectonic controls throughout the entire terrane. The similar patterns of incompatible element distribution in the coarse-grained zones and in the chilled margins (Fig. 14) are consistent with the involvement of the same melt composition controlled mainly by the different amounts of included olivine crystals with minor chromite. As a result, variations of Mg, Ni, Co and Cr in bulkrock samples correlate positively with each other and negatively with most other elements in these rocks (Fig.  12) . The behaviour of Al and Ca as incompatible elements is in agreement with plagioclase occurring as a latestage phase crystallized from the interstitial liquid and with the scarcity of clinopyroxene phenocrysts. The high degree of positive correlation of most incompatible elements with Zr ( Fig. 13c and e-h ) also indicates the lack of post-magmatic mobilization of these elements, as reported for several occurrences of the Emeishan picritic rocks (e.g. Li et al., 2010a; Anh et al., 2011) .
Crustal assimilation is deduced to have had a negligible role in the petrogenesis of the dykes, as suggested by the ratios of several incompatible elements normalized to the primitive mantle (Ti/P PM , Nb/La PM , Nb/Ta PM , Nb/U PM ), which are close to unity. Figure 15 also indicates negligible crustal influence in the formation of the YMUD, as compositions plot within the E-MORB-OIB array, similar to the least contaminated high-Ti Emeishan basalts.
Dyke emplacement
The mineralogical zoning of the YMUD (i.e. the scarcity of the olivine in the peripheral parts of the dykes and its progressive inward increase) can be explained by flow differentiation, a phenomenon studied by several researchers (Bhattacharji & Smith, 1964; Gibb, 1968; Komar, 1972; Barriè re, 1976) and reported from other dykes (Paktunc, 1987; Mitchell, 2008; Zurevinski & Mitchell, 2011; Tappe et al., 2014) . As an effect of this process, during the flow of the magma through the YMUD, part of the melt was squeezed out towards the wall-rocks while the olivine crystals were aggregated in the inner parts of the dykes together with melt. The melt on the margins was quenched because of contact with the cold country rocks. The middle zones of the dykes crystallized at a relatively slower rate, which induced the coarser grain-size of the rock matrix. Flow differentiation has also been invoked in some magmatic sulphide deposits, such as Jinchuan Li et al., 2004) and Baimazhai . Researchers in several studies (e.g. Chistyakova & Latypov, 2009a , 2009b have remarked on the chemical variation across dykes and sills, commonly showing transitions to more primitive compositions from the margins towards the middle, which could be explained by a compositional change of the magma flowing through the dyke (Chistyakova & Latypov, 2010 . In the case of the YMUD, the transporting melt could have evolved in a manner similar to that reported in the above-mentioned studies. In bulk-rock compositions, Fig. 15 . Nb/Yb vs Th/Yb for the studied dyke samples, after Pearce (2008) . All samples plot within the E-MORB-OIB array and show insignificant crustal contamination. For comparison, the compositional fields of the Emeishan high-Ti picrites and basalts show greater overlap with the MORB-OIB array, whereas the Emeishan low-Ti basalts and picrites show evidence of crustal contamination. Some low-Ti picrites from the southern part of the ELIP plot in a distinct field close to N-MORB. Symbols are the same as in Fig. 12 . The sources of data are the same as for Fig. 7. the effects of melt differentiation during transport are obscured by the presence of the olivine phenocrysts of different generations. Our results on mineral composition in the matrix (Supplementary Data, Appendix A) show that clinopyroxene does not exhibit a systematic variation (in all textural types, the average Mg# % 80) but plagioclase records average CaO contents that increase from 11Á7 wt % in the chilled margins to 12Á7 wt % in the coarse-grained rocks. Therefore, a reverse fractionation trend might have been effective during the crystallization of the YMUD.
The small size of the dykes and the presence of chilled margins suggest a relatively short period of magma intrusion, although some repeated bursts of magma emplacement in the same dyke can be considered based on the rare occurrence of chill zones within the coarse-grained zones (Fig. 16) . The occurrence of elongate olivine crystals in the chill margins and in the intermediate zones argues for rapid crystallization of these units (Drever & Johnston, 1957; Donaldson, 1976; Fowler et al., 2002; Faure et al., 2007) . Gradually increasing solidification time towards the middle parts of the dykes resulted in the observed textural zoning: a zone made up of melt (the outer chill zone, aphanitic with almost no phenocrysts), the inner chill zone (aphanitic with few small phenocrysts), the intermediate zone (fine grained with relatively abundant phenocrysts but still modally dominated by the matrix) and the coarse-grained zone with many relatively large olivine phenocrysts 6 rare pyroxene phenocrysts. The nature and relative abundance of the phenocryst minerals suggest that all mineral phases, other than spinel and olivine with Mg# > 84, crystallized in the site of emplacement from a melt represented by the chill margins, which transported earlier crystallized olivine and spinel crystals.
Melt composition
The scarcity or lack of pyroxene phenocrysts in the YMUD and the occurrence of plagioclase only as a groundmass mineral suggest the evolution of the primary magma essentially by olivine and Cr-spinel crystallization, most probably in a staging chamber, when the composition of olivine changed from Mg# 94 to more Fe-rich compositions (Mg# 84). The melt that ascended to the actual location of the dykes, carrying olivine phenocrysts of varied compositions, resulted from the primary melt by the subtraction of olivine with progressively more iron-rich composition.
Based on these deductions, the composition of the primary magma can be modelled in three steps: (1) by calculation of an average composition of the transporting melt; (2) by calculation of the Mg# of the olivine in equilibrium with the transporting melt; (3) by allowing for the addition of the fractionated olivine to the transporting melt. These stages are considered in turn.
1. The composition of the transporting melt that reached the location of the actual level of exposure is approximated by the composition of the chill margins of the outcropping dykes. We selected analyses of the chill margins with the least content of olivine phenocrysts (samples Gj1945, Gj2148, 2151B and Gj2232A) and calculated an average composition, which we use as the composition of the transporting melt (Table 4) . It was considered that 10 wt % of the total iron was present as Fe 2 O 3 . 2. The crystallization sequence of the transporting melt was modelled using the MELTS algorithm (Ghiorso & Sack, 1995) with the alphaMELTS software, version 3.0 (Smith & Asimow, 2005; Antoshechkina & Asimow, 2010) . The calculations were performed at quartz-fayalite-magnetite (QFM) oxygen fugacity conditions and a shallow depth (P ¼ 1Á5-2Á5 kbar) because the actual level of exposure of the YMUD is in the basement of the Emeishan basalts and most probably, below a succession of Emeishan extrusive rocks (now eroded). The first modelled olivine that crystallizes from a melt with the composition of the chill margins has Mg# ¼ 84. This is consistent with the olivine composition (Mg# ¼ 83) deduced by Li et al. (2012) to be in equilibrium with the transporting melt in their samples of Emeishan picrites. The liquidus temperature of the transporting melt varies between 1200 C (at 1Á5 kbar) and 1208 C (at 2Á5 kbar). 3. To reconstitute the composition of the primary melt (Mg# % 83) that crystallized olivine with Mg# % 94, we used the procedure followed by Li et al. (2012) . We added successive batches of olivine with composition beginning with Mg# ¼ 84 and ending with Mg# ¼ 94 to the transporting melt until the resulting magma composition was in equilibrium with olivine phenocrysts of composition Mg# ¼ 94 (Supplementary Data, Appendix C). The sizes of the olivine batches added to the transporting magma were determined empirically (by successive testing) to be 6Á5%. The calculations were performed iteratively by adding batches of 6Á5% olivine of progressively higher Mg# (starting at Mg#85 and ending with Mg# 94), recalculating the composition at each stage to 100%.
The olivine compositions used in the modelling included the major components (wt.% SiO 2 , MgO and FeO) as well as minor components (wt.% MnO, CaO, NiO and Cr 2 O 3 ) and are shown in Supplementary data, Appendix C, "Olivine batch composition" sheet, as average values of the measured olivine compositions in the "Olivine" sheet from the Supplementary data, Appendix A. The modelled melt compositions are shown corresponding to average olivine compositions at each stage (Supplementary data, Appendix C, Calculation sheet). A specific approach has been used for the estimation of Cr 2 O 3 contents added together with the olivine. The Cr contents of the bulk-rock samples correlate with those of MgO and increase from 300-1000 ppm in the chilled margins to 1300-2100 ppm in the coarse-grained rocks from the central portions of the dykes (Fig. 12) . The increases in Cr and MgO are due to the significantly higher proportion of olivine with concomitantly included Cr-spinel crystals in the interiors of the dykes. On this basis, the proportion of the Cr 2 O 3 content added to the composition of the chilled margins with each batch of olivine was estimated using the relation Cr 2 O 3 (wt %) ¼ 0Á009 MgO (wt %); the ratio Cr 2 O 3 /MgO ¼ 0Á009 was calculated as the average value in the coarse and intermediate rock units, which contain significant proportions of olivine crystals. The calculated composition of the primary magma (Table 4) is a meimechite containing 43Á86 wt % SiO 2 , 27Á73 wt % MgO, 1Á36 wt % TiO 2 and 1Á5 wt % Na 2 O þ K 2 O with an Mg# of 82Á6.
Magma generation and evolution
The relatively high contents of incompatible elements in the YMUD in conjunction with a lack of indication of crustal contamination suggests the formation of the primary magma by a small degree of mantle melting. The production of high-Mg melts (20-30 wt % MgO) can be achieved by small degrees of mantle melting at high pressure; that is, depths of > 130 km (Herzberg & Ohtani, 1988; Herzberg, 1992) . In this respect, the SiO 2 / Al 2 O 3 ratio in the primary magma resulting from our modelling suggests mantle melting at depth corresponding to pressures higher than 4 GPa (see Herzberg & O'Hara, 1998, fig. 14) . Arndt et al. (1995) envisaged the formation of the meimechites from the MeimechaKotuj region by the deep melting ($200 km) at either a very low melt fraction ($1%) of a source with a primitive mantle composition or a low fraction ($7%) of an enriched mantle. At lower pressure, high degrees of mantle melting are necessary to generate high-Mg melts (e.g. Arndt & Lesher, 2004) . Such extensive melting of the mantle is involved in the formation of komatiites and is consistent with their low contents of incompatible elements (e.g. Arndt & Lesher, 2004; Stiegler et al., 2010; Robin-Popieul et al., 2012) . Deep, low-degree melting of mantle plume material was previously considered for the formation of the high-Ti magmas in the Emeishan large igneous province (Xu et al., 2001; Xiao et al., 2004; Zhou et al., 2008; He et al., 2010) to explain their OIB-like trace element patterns, which distinguish them from the low-Ti magmas.
The crystallization of the estimated primary magma of the YMUD (Table 4 ) was modelled using alphaMELTS on the basis of continuous fractionation of the crystallized solids. Simulations over a range of pressures between 2Á5 and 8 kbar indicated the crystallization of olivine of Mg# ¼ 94 from the primary magma at 1600 C 6 20 C. This is consistent with previous research indicating temperatures in excess of 1550 C (up to 1700 C) for the mantle source of the Emeishan magmas (Xu et al., 2001 Zhang et al., 2004 Zhang et al., , 2005 Zhang et al., , 2006a Hanski et al., 2010) , which was used in support of a mantle plume origin of the Emeishan magmatism.
One issue that occurred during the simulations was the disagreement between the measured and modelled Cr contents of the spinel. According to MELTS modelling the most Cr-rich spinel that crystallizes at 2Á5 kbar has $48 wt % Cr 2 O 3 , which is less than the highest values measured on our samples (Cr 2 O 3 > 52 wt %). Higher Cr contents result from modelling at higher pressure ($49 wt % Cr 2 O 3 at 5-6 kbar and $50 wt % Cr 2 O 3 at 8 kbar) or at a lower oxygen fugacity of QFM -1 (51Á2 wt % Cr 2 O 3 at 5 kbar, 51Á7 wt % Cr 2 O 3 at 8 kbar). To form spinel with Cr 2 O 3 > 52% at QFM oxygen fugacity the Cr 2 O 3 content in the primary magma would need to be as high as 0Á4%. The lack of agreement between the modelled and measured Cr contents in spinel may be explained by underestimation of the calculated Cr content in the primary magma because only Cr in spinel related to olivine was considered. It is possible that a significant part of the crystallized spinel remained in the staging chamber, as a result of density accumulation or by size separation in a dominantly olivine cumulate. When the crystal-laden magma was removed from the staging chamber the more dispersed and less dense olivine crystals would have been preferentially transported, leaving chromite behind. This would be in agreement with the generally lower Cr contents in the spinel from the matrix of the chilled margins, suggesting that only relatively late-crystallized spinel crystals were entrained directly by the transporting melt, with the more primitive spinel crystals carried within olivine phenocrysts. In such a case, the calculation based on the spinel included in olivine would result in an underestimation of the initial proportion of Cr in the primary magma. At 5 kbar, QFM oxygen fugacity and using Cr 2 O 3 ¼ 0Á4% (in the melt) the spinel that crystallized first would have had > 52% Cr 2 O 3 . Based on the constraints imposed by the spinel and olivine composition (Cr and Ca contents, respectively), we favour fractional crystallization of the primary magma in a staging chamber at a depth equivalent to c. 5 kbar pressure and at QFM oxygen fugacity, followed by the ascent and emplacement at shallow depth (1Á5-2Á5 kbar). Cr-spinel would have begun to form at 1535 C, together with olivine of Mg# ¼ 93. Magma was extracted from the chamber at a stage when olivine of Mg# ¼ 84 was crystallizing at a temperature of $1250 C and the crystallizing spinel contained $37 wt % Cr 2 O 3 .
The change in melt composition during the ascent to the actual level of erosion was considered to be negligible. The composition of the melt that crystallized olivine with Mg# ¼ 84 at 5 kbar was further modelled using alphaMELTS at lower pressure (2 kbar) and, therefore, also to simulate the crystallization of the transporting melt in the outcropping YMUD. This sequence of crystallization (Fig. 17) is: olivine þ spinel, clinopyroxene, plagioclase and biotite. With decreasing temperature, the composition of the spinel changed progressively from magnesiochromite to titanomagnetite. Ilmenite and amphibole would have occurred as subsolidus phases.
Deductions from the PGE budget Song et al. (2009) investigated the PGE geochemistry in the central part of the Emeishan large igneous province, which includes our study area. Those researchers remarked on the PGE-undepleted character of the high-Ti basalts and of some low-Ti basalts, both showing similar variation ranges in Pd (4-18 ppb) and Pt (3-19 ppb).
The YMUD have 3-18 ppb Pd and 2-22 ppb Pt, similar to the undepleted Emeishan basalts reported by Song et al. (2009) , with lowest values in the coarse-grained rocks where the melt component is diminished by the presence of the accumulated olivine crystals.
All the Cu/Pd ratios of the YMUD overlap with those of the high-Ti and low-Ti Emeishan basalts (Fig. 18) , straddling the limit between the mantle range and the field of depleted PGE, a situation that could be considered as reflecting mild PGE depletion because of sulphide fractionation. Both Cu and Pd are chalcophile and incompatible in natural silicates and in Cr-spinel, but Pd has a stronger affinity for sulphides compared with Cu (Peach et al., 1990; Fleet et al., 1999) . During a process of sulphide saturation Pd is concentrated in the sulphide melt more efficiently than Cu and is consequently depleted in the silicate melt to a greater extent than Cu (Barnes et al., 1993) . However, sulphide fractionationrelated depletion would contradict the relatively high observed PGE contents in the YMUD. The Cu/Pd ratios higher than the mantle range (>10 000) can be related to mantle melting processes (Momme et al., 2003 (Momme et al., , 2006 Lightfoot & Keays, 2005; Song et al., 2009) . In columnar melting models, PGE-undepleted melts are generated by 20-25% mantle melting (Keays, 1995; Rehk€ amper et al., 1999) , which, in the case of the YMUD, would be at variance with the observed enrichment of incompatible elements. Several researchers (Momme et al., 2003 (Momme et al., , 2006 Lightfoot & Keays, 2005) proposed the involvement of a triangular mantle melting regime (Plank & Langmuir, 1992; Langmuir & Forsyth, 2007) to explain the generation of magmas rich in incompatible elements, at the same time as being PGE-undepleted, with Cu/Pd ratios > 10 000. The addition of melt fractions from S-depleted subcontinental lithospheric mantle could also provide an enriched PGE input that compensates the PGE-depleted character of the low melt fraction from mantle plume material (Momme et al., 2003 (Momme et al., , 2006 Lightfoot & Keays, 2005; Song et al., 2009) .
Mantle-normalized values of PGE, Ni and Cu (Fig. 19 ) reveal a behaviour of the iridium group PGE (IPGE) different from that of the palladium group PGE (PPGE). The IPGE and Ni show higher contents in the coarsegrained zone and lower values in the chilled margins, whereas the PPGE and Cu exhibit the opposite. This is consistent with the compatibility of the IPGE in spinel (Capobianco & Drake, 1990; Capobianco et al., 1994; Righter et al., 2004; Brenan et al., 2012; Pagé et al., 2012; Park et al., 2012) and olivine (Brenan et al., 2003 (Brenan et al., , 2005 Righter et al., 2004) , resulting in their enrichment in the olivine þ Cr-spinel cumulate rocks of the coarse-grained varieties and their depletion relative to the PPGE in the olivine-and Cr-spinel-poor rocks of the chill zone. The higher concentrations of the IPGE in the YMUD compared with those in the Emeishan basalts reported by Song et al. (2009) are therefore attributed to the higher content of accumulated olivine and spinel. Fiorentini et al. (2008) argued for the use of Ru-Cr variation as an indicator of sulphide saturation in the evolution of komatiite magmas. Positive correlation between Ru and Cr characterizes rocks formed from magmas that had not attained sulphide saturation, whereas the fractionation of sulphides results in a negative correlation of these elements. In Fig. 20 , Cr and Ru show a good positive correlation attributed to the crystallization and fractionation of Cr-spinel and olivine together with a significant proportion of the IPGE contributed from a sulphide-undersaturated magma.
CONCLUSIONS
1. The YMUD show petrographic, mineralogical and geochemical features similar to meimechites and to the high-Ti magmatic rocks in the Emeishan large igneous province. The primary magma (Mg# % 83, MgO % 28 wt %) had a modelled temperature higher than 1600 C, resulting in the crystallization of olivine of Mg#94, supporting a mantle plume origin for the most primitive magmas. 2. The primary magma of the YMUD was most probably generated by a small degree of mantle melting at great depth (>130 km), which produced high-Mg melt enriched in incompatible elements, probably with an additional contribution from the melting of S-depleted subcontinental lithospheric mantle (which increased the PGE contents). 3. The primary magma evolved in a staging chamber at c. 5 kbar through olivine and Cr-spinel fractionation followed by the ascent in the upper crust before fractionation of pyroxenes or plagioclase. Clinopyroxene, Ti-magnetite and plagioclase crystallized during the emplacement and solidification of the dykes, followed by ilmenite and hornblende that crystallized under near-solidus conditions. 4. The initial 87 Sr/ 86 Sr ratios (0Á7041-0Á7060) indicate negligible crustal contamination. The lack of PGE depletion ( P PGE ¼ 20-40 ppb) suggests crystallization of the YMUD from a S-undersaturated magma. 5. The Yanbian mafic-ultramafic dykes illustrate the liquid line of descent controlled by olivine-Cr-spinel fractionation in the evolution of the earliest Emeishan magmas.
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